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ALL RIGHTS RESERVEDABSTRACT
This research project describes the study of methods used to photochem-
ically modify the surface of polystyrene (PS) and poly(methyl) methacrylate
(PMMA) with the aim of improving their surface properties. The modied
polymers and the corresponding characterization play a very important role
in providing avenues for existing polymers to achieve novel functionality in
microuidic devices.
PS and PMMA were modied by using two different techniques. These were
UV treatment in the presence of oxygen (UV/O3) and surface oxidation with
sodium hypochlorite. The UV/O3 method generates ozone which breaks the
surface bonds of the polymers and oxidizes it. The amount of carboxyl groups
generated were found to be as much as 24.3 nmol/cm2 which is almost as dou-
ble as generated when using the UV/O3 method without sodium hypochlo-
rite. Other methods investigated were the iodide and the photoinitiator (with
benzophenone) methods. These processes utilize free radicals generated to ox-
idize polymer surfaces, however, these methods in oxidizing the polymers, as
found were signicantly less than just UV/O3. Finally, poly(ethylene) glycol
was grafted onto the functionalized polymers. It was determined that PS had a
grafting efciency of 1.15% and PMMA, 0.16% and 0.23%.
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ixCHAPTER 1
INTRODUCTION
1.1 Background
The technique of applying micro and nano-manufacturing technologies to the
production of uidic devices has resulted in the rapid development of, what
is now widely accepted as integrated, micro-machined analysis systems, on a
chip called micro-total analysis systems (-TAS) [1]. Extensive research into -
TAS has demonstrated a lot of promising characteristics with emphasis on more
reliable devices which are cheaper, have rapid analysis time, increased through-
put, low sample consumption and most importantly, being easily disposable for
the ease of deployment. The enabling characteristics of these chips have been
demonstrated in micro-protein assay chips [2] [3], micro-CE (capillary elec-
trophoresis) chips [4], micro-DNA [5] and micro-PCR (polymerase chain reac-
tion) chips [6] [7]. The use of PMMA and PS substrates in -TAS applications
does not generate reliable real world applications for analytical and biomedical
related applications. This is because the native polymer used in its fabrication
has a characteristic hydrophobic surface. The nature of this surface promotes
protein adhesion [8] which greatly reduces throughput. This happens, in part,
due to the high degree of interaction between the small sample and analyte vol-
umes (in concentrations of ppm) and the surface walls. This problem off-sets
the efforts of realizing cheap miniature and disposable microuidic devices.
There are techniques that have been employed to modify PS and PMMA
channel surface walls to make it more hydrophilic and reduce protein absorp-
tion on their surfaces. The forefront of this effort is employing photochem-
1ical methods to modify the surface of PS and PMMA. These explored av-
enues have been found to induce desirable properties including biocompati-
bility, conductivity, hydrophilicity, anti-fogging and anti-fouling among many
others [9] [10] [11]. Photochemical methods are relatively economical in terms
of cost. This as a result makes it attractive as an integral protocol for standard
lab procedure in surface modication of PS and PMMA substrates used in fab-
ricating such devices.
1.2 PMMA and PS Composition and Structure
Polystyrene (PS), shown in gure 1.2 is a low-cost transparent thermoplastic
that is identied characteristic for its optical clarity, ease of processing and hard-
ness. PS is readily modied for a vast array of applications that range from
knobs and buttons, containers, electrical insulation, refrigerator door linings to
research grade petri dishes and splash shields.
CH 2 CH 3 CH 2 CH
Ethylbenzene
T = 550-650°C 
?H° 298  = 118kJ/mol
Styrene
H 2 +
Figure 1.1: Formation of polystyrene involves the starting material ethylben-
zene. The reaction proceeds whereby the ethylbenzene as shown is dehydro-
genated to yield styrene
PS is processed by injection molding, thermoforming, extrusion and machin-
2ing among a host of others [12]. The starting material for producing PS commer-
cially is from the catalytic dehydrogenation of ethylbenzene where the ethyl-
benzene is rst converted into styrene. This occurs in a reversible gas-phase
endothermic reaction. The governing chemical equation is shown gure in 1.1.
From there, through radical polymerization, the nal product polystyrene is ob-
tained. All these characteristics make PS a very good candidate for fabricating
mircouidic devices which employs hot plate embossing to make their chan-
nels.
CH 2 CH
n
CH 2 CH Polymerize
styrene
Figure 1.2: Chemical structure of PS as shown results from the polymerization
of styrene by using free-radical initiators primarily in bulk and suspension pro-
cesses
PMMA (g.1.3) is also known under its trade name as acrylic, perspex, plex-
iglas and lucite is a linear linked thermoplastic. It is available commercially as
extruded sheets and is used in applications across a host disciplines. This is at-
tributed to its non-crystalline structure which makes its optical properties have
a 92% light transmittance. Additionally, other properties are such as low fric-
tional coefcient, high chemical resistance and good electrical insulation [13].
These properties make PMMA also a very good substrate for fabricating mi-
crouidic devices.
3CH 3
CH 2
CH 3
O
C
C
O
n
CH 3
CH 3
H 2 C
O
C
C
O
Polymerize
methyl methacrylate
Figure 1.3: Chemical structure of PMMA as shown is also a result of radical
initiated polymerization of methyl methacrylate
4CHAPTER 2
THEORY AND CALCULATIONS
2.1 Free Radicals
Free radicals form when organic molecules have unpaired electrons. In the
event of such a condition, the unpaired electrons of the molecule are highly
reactive having very short lifetimes. As such, free radicals are considered to
be unstable. The nature of this instability can be attributed to its kinetic prop-
erty. There are four types of reactions that free radicals undergo; these are listed
as [14]:
1. Transfer or abstraction
2. Elimination
3. Addition
4. Combination/coupling
Reactions involving free radicals are generated from an initiation step which
involves a stable free radical usually added to the system or generated in the
reaction mixture. This puts the generation of free radicals into 2 classications:
(1) electron transfer from atoms or ions where there is the possession of an un-
paired electron and (2) homolytic decomposition of covalent bonds as a result
of absorbed energy (which has many forms: heat, UV, plasma, electrical sonic,
mechanical). The absorbed energy results in organic compounds breaking up in
the process, forming free-radicals. In this case, the bond dissociation energy (D)
required to cleave bonds is what determines the approximate rate of the forma-
tion of free radicals (R) at different temperatures. This rate is governed by the
reaction:
5R2

! 2R. (2.1)
d[R.]
dt
= k[R2] (2.2)
k = Ae
 D=RT (2.3)
D under thermal dissociation is close to the activation energy E+ and the fre-
quency factor A is of the order 1013  1014 sec 1 usually for unimolecular reac-
tions [14].
2.2 The Chemistry and Kinetic Model
The reaction chemistry that takes place in the chain reaction sequence in poly-
merization is listed as being initiation, propagation and termination. The chain
initiation step involves the decomposition of the initiator species forming a pair
of initiator radicals, R
.
. The radical after adding to the rst monomer (M) pro-
duces the chain-initiating species M
.
1. This is expressed below as:
I
kd != 2R
.
(2.4)
R
.
+ M
ki ! M
.
1 (2.5)
Where kd is the rate dissociation constant and ki is the rate constant of the initi-
ation step. Next is the chain propagation whereby there is the growth of M
.
1 by
the addition of successive M monomer units which results in:
M
.
n + M
kp
! M
.
n+1 (2.6)
with kp being the propagation rate constant. The next stage the chemical reac-
tion progresses to isthe chain termination. Inthis case, the propagation polymer
6stops growing and terminates which usually occurs as being described by the
general reaction below with being kt the termination rate constant.
M
.
x + M
.
y
kp
! polymer (2.7)
The rate expressions that describe the kinetic model, also shows that the
initiation rate as being the rate determining step. This rate also relates to the
efciency of the radicals being formed. The monomer concentration involved
in the polymerization reaction decreases steadily and approaches zero at the
end of the reaction. However, if the temperature of the reaction exceeds the
ceiling temperature (Tc), the polymer would decompose and no propagation
would take place [14].
7CHAPTER 3
DETERMINATION OF SURFACE FREE RADICALS ON PS AND PMMA
USING THE IODIDE METHOD
3.1 Introduction
A method used to determine the amount of peroxides that are formed in UV
ozone induced surface treatment of polymers is the iodide method [15] [16] [17].
This method, modied from the protocol of Fujimoto et. al [15], spectrophot-
metrically determines the amount of peroxides formed from the UV treatment
of PS and PMMA by indirectly oxidizing sodium iodide. In comparison to other
similar methods, such as the DPPH (1, 1diphenyl2picrylhydrazyl) and per-
oxidase methods [15], the choice of the iodide method was due to the availabil-
ity of the required reagents and the simplicity in performing the experiments.
3.2 Preparative Steps
Topreparethesamplesfor theexperiments, theywererst cut into theappropri-
ate sizes using a band saw. Other circular PMMA samples were professionally
cut by the chemical engineering machine shop. The cut samples are cleaned rst
in a soapy solution of detergent and DI water. After rinsing at least three times,
they were then put in a beaker of 50% 2  propanol and cleaned via ultrasonica-
tion for 10 minutes using ultrasonic bath (Aquasonic model 75D,VWR Scientic
Products, Westchester, PA). They were then blown dry under the nitrogen gun
and stored in the sample rack holder for the appropriate set of experiments.
83.3 Materials and Methods
Sodium iodide (NaI) (BDH, Mw = 149.89) is prepared into a saturated solution.
Ferric chloride (VWR, 100g/40mL (100% w/v)) is prepared into a 1ppm solu-
tion. A 1:6 benzene 2propanol mixture (benzene: EMD Chemicals, Inc., HPLC
grade; 2propanol: Fisher Scientic International, Inc., Optima grade) is also
made. 256 L portions of the saturated NaI, benzene : 2propanol mixture and
1ppm ferric chloride were pipetted and mixed together in a test tube and kept in
awaterbath atatemperature of70C.PMMAandPSsamplesareexposed to UV
light from a low pressure mercury vapor grid lamp which was tted in a UVO-
CLEANER R Model 144AX (Jelight Company Inc, Irvine CA). This lamp has an
output power of 28,000 watt per squared cm at a wavelength of 254 nm (6 mm
away from the lamp). The samples used were cut into thin strips so that they
could easily t and be removed from the test tube after the reaction. The UV
exposure times were 1, 5, 10 and 15 minutes after which they were immediately
transferred into the test tubes in the 70C temperature bath. After 10 minutes,
the samples were taken out to stop the reaction. In this method, the oxida-
tion of the sodium iodide by the peroxides in the presence of the ferric chloride
is determined spectrophotometrically with the PowerWaveTMMircoplate Spec-
trophotometer measured at a wavelength of 360nm. The absorbance measures
the oxidized iodine as a triiodide anion according to the equations 3.1 and 3.2.
2Na(aq) + H2O2 ! 2NaOH(aq) + I2(s) (3.1)
I
 
aq + I2(s) ! I
 
3(aq) (3.2)
93.4 Results and discussion
The carboxyl groups and free radical concentration generated from the UV
treated PS and PMMA plates were analyzed via the iodide method. The results
of absorbance with the corresponding exposure time is plotted below in gures
3.1 and 3.2. The resulting data indicated that there was no signicant observ-
able trend. Looking at the data from gure 3.1, the data shows PMMA and PS
UV treated for 5, 10 and 15 minutes. First, it was observed that the data from
the control samples are not entirely consistent. As the absorbance of PMMA
seemed to be increasing, that of PS was declining. The magnitude of the error
bars on the bar plot statistically does not present a signicant trend. Results
reported in gure 3.2 come from the same experiment with the only difference
being that the samples are treated in the presence of oxygen to generate ozone.
The ozone increased the amount of carboxyl groups and peroxides that can be
functionalized onto the polymer surface. In gure 3.2, the control experiment is
the absorbance at 0 minutes and the other treatment times are listed as 1, 5 and
10 minutes. In this case as well, there is not much of a trend that was observed.
The probable explanation for not observing any signicant trend might be
due to the instability of the peroxides that decompose before any reading could
be done. Another contributing factor that can be thought of is the small amount
of peroxides that are produced. Since the peroxide concentration is so little in
comparison to the amount of the saturated sodium iodide in the reacting so-
lution, even though the reaction might occur, the amount of color change is
not signicant enough to be detected. To investigate this proposition, a drop of
strong oxidant  sodium hypochlorite (14%) was added to the saturated sodium
iodide solution. It formed a deep brownish color followed by clearing up and
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Figure 3.1: Absorbance of PMMA without O2. UV treated PMMA samples for
different times are reported together with thecontrol experiment(time at 0min).
The signals are quantied with a spectrophotometer measured at 360 nm with
the error bar representing the standard deviation from at least triplicate analysis
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Figure 3.2: Absorbance of PMMA and PS with O2. UV/O3 treated PMMA and
PS samples for different times are reported. The control experiment is at time at
0 min. The signals are quantied with a spectrophotometer measured at 360 nm
with the error bar representing the standard deviation from at least triplicate
analysis
11leaving behind yellow particulate residue. That proved that the sodium iodide
does oxidize. However even with that, the color change was not that stable.
With these results as obtained, the iodide method did not prove to be a reliable
protocol in characterizing the amount of peroxides that are generated on UV
treating PMMA and PS.
3.5 Conclusion
Determining the amount of free radicals that are formed from the UV treatment
of PMMA and PS using the iodide method did not yield any signicant results.
This was probably due to the highly unstable nature of the peroxides that were
formed.
12CHAPTER 4
GENERATION AND QUANTIFICATION OF CARBOXYLIC ACID
GROUPS ON PS AND PMMA
4.1 Introduction
Determination of the amount of carboxylic acids of modied PS and PMMA is
made possible by the uptake of the basic dye toluidine blue O (TBO) [18]. On
UV treating the PS and PMMA samples, carboxylic acid groups are introduced
on their modied surfaces. These COO  groups form ionic complexes with the
cationic dye. On desorbing the complexed dye, the concentration can be quanti-
ed spectrophotometrically and the concentration of the carboxyl groups deter-
mined based on the assumption that there is a 1 mol to 1 mol complexing action
between the dye and the carboxyl groups [19] [20].
4.2 Materials and Methods
The PS and PMMA samples of 2  5 cm are cleaned and prepared. These
large pieces are required in order to generate sufcient surface area for the
TBO studies. In preparing the TBO dye, the pH of a liter of MilliQ water
is adjusted to 10. Subsequently, 0.0175g of the TBO dye dissolved leading to
a 5.73 10 4 molar stock solution. A standard curve is then generated from
the optical density of known TBO concentrations gotten from the diluted stock
with a PowerWaveTMMircoplate Spectrophotometer (BIOTEK R Instruments,
Inc., Winooski, VT) which measures absorbance at a wavelength of 633 nm. The
13remaining stock solution is transferred into petri dishes which is stored for use
for the experiment.
PROCESS I  UV IRRADIATION TREATMENT
In the rst process, the clean and dried samples are exposed to UV light from
a low pressure mercury vapor grid lamp tted in a UVO-CLEANER R Model
144AX (Jelight Company Inc, Irvine CA). The lamp has an output power of
28,000 watt per squared cm at a wavelength of 254 nm (6 mm from the lamp).
The exposure is carried out for different exposure times (0, 1, 2.5, 7 and 10 mins)
at a lamp-tray distance of 2.3 cm. After exposing, the samples are then rinsed
off and blown dry with the nitrogen gun. They were then placed face-down in
the petri dishes with the UV treated side in the dye solution. After the 2 hour
incubation period, the samples are removed and rinsed off with excess amounts
of pH10 water to remove any noncomplexed TBO molecules on the PS and
PMMA surface. The samples are left to dry. Double-sided sticky frames that
form an area of 2.4cm2 is placed rmly onto the sample surface. The residual
dye left on the polymer within the frame is then desorbed by pipetting 250L of
50% acetic acid into the frames. The desorbed dye in the frame is pipetted into a
mirotiter plate and the absorbance is measured at 633 nm. From the calibration
curve data, this absorbance value can be used to determine the corresponding
concentration of the desorbed COO  concentration on the surface of the PS and
PMMA.
PROCESS II  UV/O3 IRRADIATION TREATMENT
In the next process, the samples are exposed to UV but this time in the pres-
ence of oxygen. The UVO-CLEANER R Model 144AX (Jelight Company Inc,
14Irvine CA) tted with a low pressure mercury vapor grid lamp with an output
power of 28,000 watt per squared cm at a wavelength of 254 nm (6 mm from
the lamp) is used as in the previous process. In addition, oxygen is owed at
a rate of 0.5 L/min into the chamber from a tted oxygen tank. The oxygen is
introduced into the UV chamber to increase the amount of ozone that is formed.
The ow rate of 0.5 L/min oxygen increases the oxygen content of the UVO unit
by three-fold to the levels of 100-1000ppm (After discussions with the manufac-
turer) over air-only conditions as in the previous process. The treated samples
were then put in prepared dye TBO as described above and then after two hours
desorbed with 250 L of 50% acetic acid put in the 2.4 cm2 frame. The desorbed
dye is then also analyzed using the PowerWaveTMMircoplate Spectrophotome-
ter measured at a wavelength of 633 nm.
PROCESS III  UV/O3 TREATMENT IN COMBINATION WITH OXIDATION BY
SODIUM HYPOCHLORITE
The third process looked at the samples that are rst oxidized with sodium
hypochlorite and then with the UVO cleaner. First, the sodium hypochlorite
(NaOCl) treatment is carried out by putting the samples in a beaker of NaOCl
in a temperature bath at 80C for 5 hours. The setup is gently rocked to ensure
that there is the continual ow of the NaOCl solution around the samples. After
the oxidation, the samples were thoroughly washed with MilliQ water. Next,
the UV/O3 treatment similar to process II is carried out. This process therefore,
rst, (with NaOCl) seeks the oxidation of the PS, before the samples are UV/O3
treated. The PS is exposed to UV in the UVO unit and then the surface carboxyl
groups analyzed with the TBO assay.
Additional measurements were carried out to investigate the surface ener-
15gies of the samples. This was done by performing water contact angles of water
and formamide (polar and nonpolar solvents) on the PS substrate at room tem-
perature. The DI water and formamide have surface tensions of 72.2 and 58.2
mN/m respectively at room temperature. This result together with Young's
equation [21] can be used to determine the surface energies. Young's equation
is given as follows:
(1 + cos)L = 2
q
D
S D
L + 2
q
P
SP
L (4.1)
where  is the measured contact angle of liquid on the PS surface and L is the
surface tension of the liquid having a dispersion component D
L and polar com-
ponent P
L. Given that P
L and D
L of DI water is given as 50.2 and 22 mN/m
respectively and P
L and D
L of formamide are 18.6 and 39.6 nM/m respectively
D
S and P
S can then be solved using equation 4.1 for the contact angle measure-
ments of the two liquids [21].
4.3 Results and discussion
Carboxylic groups functionalized onto PS surfaces are quantied via its com-
plexing action with the TBO assay. The obtained standard curve of the TBO dye
assay is as shown in gure 4.1 below. The resulting curve that best ts the data
set was determined to be a rational equation by using the MATLABcurve tting
tool. The relationship shows that the absorbance increases and then begins to
saturate by leveling off as the dye gets more concentrated.
From the equation determined from the standard curve, the experimental
results are plotted and shown below. 4.2 shows how the TBO is absorbed onto
the PS surface. On the left side of the picture, the time of incubation is zero
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     General model Rat11:
       y(x) = (p1*x + p2) / (x + q1)
     Coefficients (with 95% confidence bounds):
       p1 =       5.992  (5.277, 6.706)
       p2 = 5.929e−006 (−7.181e−006, 1.904e−005)
       q1 =    0.000135  (9.883e−005, 0.0001711)
Figure 4.1: Calibration curve for determining COO  groups on PS. Absorbance
of known concentrations of the TBO dye is measured spectrophotometrically to
determining the standard curve. The resulting plot is tted with a rational func-
tion using the MATLAB curve tting tool. The reported signals are measured
at 633 nm with the error bar representing the standard deviation from at least
triplicate analysis
which clearly shows that there is no dye on the sample. As seen from the g-
ure, increase in the treatment time corresponds to increasing shade of blue on
the sample surface. This invariably corresponds to the amount of COO  groups
functionalized on the treated PS samples that are complexed with the TBO dye.
Next is gure 4.3 which quantitatively shows the amount of charge that is func-
tionalized onto the PS per treatment time expressed in nmols/cm2.
Figure 4.3 shows the concentration per sq.cm of the COO  obtained from
the different time treatments. In this case, looking at the results from process I
(without O2) and II (with O2), it can be clearly seen that there is difference in the
concentrations of the samples with the presence of oxygen in the experiment.
At 10 minutes, the concentration of the experiment with oxygen is reported as
being 14.53 nmol/cm2. This value is 1.73 times more in comparison to the ex-
17Figure 4.2: TBO absorption on PS surface. Absorbance of PS samples incubated
in TBO for 2 hours. The different UV treatment periods is shown by the inten-
sity of blue color demonstrating the amount of TBO dye absorbed onto the PS
surface.
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Figure 4.3: Comparison of carboxylic charges with and without O2. Concentra-
tion of carboxyl groups on UVand UV/O3 treated PS are reported. The different
treatment times demonstrates the effect the presence of the added O2 in the UV
treatment. Using the standard curve, the concentrations are reported with the
error bar representing the standard deviation from at least triplicate analysis
18periment without any oxygen reported as 8.39 nmol/cm2. The trends for both
starts out similar until around the 5 minute mark where the effect of the present
oxygen is seen. The rate of change of the curve without oxygen gradually levels
off whereas that of the ozone present sample still shoots up. The ozone de-
nitely showed a difference which was expected because there are more oxygen
molecules available that can be inserted into the CH bonds to functionalize the
surface even further.
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Figure 4.4: Carboxylic charges on regular and NaOCl oxidized PS. Compari-
son of carboxylic charges on UV/O3 treated PS with and without pre-oxidation
treatment by NaOCl. The concentrations of carboxyl groups of PS for several
UV treated times are reported. The treatment times shows the difference in the
amount of carboxyl groups on both regular and oxidized PS. Using the stan-
dard curve, the concentrations are reported with the error bar representing the
standard deviation from at least triplicate analysis
Data from the experiment on oxidizing the polymer surface prior to UV
treatment also showed interesting results. As plotted in gure 4.4, a similar in-
creasing trend is observed. The COO  groups start out low and increase as the
UV treatment times are increased. The difference however is that at all times
the PS samples oxidized with the NaOCl had a higher COO  concentrations as
19compared to the plain PS. This started with the 0 min data point for the oxidized
PS as 0.53 nmol/cm2 COO  groups and the regular PS reading 0.13 nmol/cm2
for the COO  groups. The difference is highest at 10 minutes with the NaOCl
oxidized samples having a concentration of 24.28 nmol/cm2 which is 1.81 times
more than that of the regular PS samples at 13.40 nmol/cm2  an 81% ((24.28
 13.40)/13.40  100) increase in the amount of the COO  groups that can be
packed on a unit cm square piece of PS. On the broader scale preoxidizing the
PS samples gives an overall 2.9 times increase in the amount of COO  groups
that can be functionalized onto the PS surface per cm squared. This means with
a preoxidation treatment and using ozone the COO  groups can be increased to
the tune of about 189% which is pretty impressive.
4.3.1 Sessile Contact angle Measurement
The results from the contact angle measurements carried out are shown in both
table 4.1 and gure 4.5. The measurements reported are averaged from at
least 5 separate readings. The initial set of measurements show that the con-
tact angle of the NaOCl oxidized PS starts off at 66.17 at 0 minutes and drops
off falling very low in the range of 4.67 at 10 minutes of UV treatment which
demonstrates complete wetting. On storing for six days in air and conducting
the measurements once more, the hydrophobic rebound shows that the contact
angle recovers back to 40.33 which is probably due interaction between the
atmospheric air or moisture and carboxyl groups eliminating some of the free
COO  groups.
In determining the surface energies of the modied PS samples, the contact
20Table 4.1: Contact angle measurements for NaOCl treated PS, UVO3 treated at
various times. The reported average, maximum and minimum is reported for
at least ve different measurements
Day 1
Time (min) Contact angle() Max Min Std Dev
0 66.17 70 63 3.31
1 25.5 28 22 2.43
5 9 10 8 0.89
10 8.33 10 6 1.37
12 4.67 5 4 0.58
Day 6
Time(min) Contact angle() Max Min Std Dev
0 59.5 63 57 3
1 49.75 53 48 2.36
5 42 44 40 1.63
10 41.25 42 41 0.5
12 40.33 42 38 2.08
angle measurements of both water and formamide are reported in table 4.2 are
used. The surface energies (S), dispersion force (D
S ) and the polar force (P
S)
are presented. An increase in the overall surface energy (S) of the PMMA and
PS was found for the different samples analyzed corresponding to the time of
UV treatment. Possible contribution to this result is from the probable change
in the surface roughness of the samples and the effect of the functional groups
introduced.
4.4 Conclusion
The concentration of the carboxyl groups introduced onto the PS surface by
the UV treatment were quantied by complexing them with the TBO dye. It
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Figure 4.5: Contact angle measurements for different days of storage. The con-
tact angles for the UV/O3 treated PS samplesshow the amount of thehydropho-
bic rebound that occurs.
was then determined that there was much as 24.28nmol could be measured per
cm2 of the PS at 10 min for pre-oxidized PS samples. This is a step up from
13.40nmol/cm2 on regular PS.
22Table 4.2: Surface energies and contact angles of PS and PMMA that have vari-
ous treatments of NaOCl and UVO
Samples Time (h)
Contact angle Surface tension
Polarity
() (mN/m)
Water Formamide P
S D
S S S
UVO - PS
0 85.67 67.5 5.21 23.32 28.53 0.18
1 65.33 44.67 13.18 29.43 42.61 0.31
2.5 47.67 65.67 59.21 1.58 60.79 0.97
5 45.33 2.67 21.92 36.42 58.34 0.38
10 44.17 1.5 23.15 35.4 58.55 0.4
NaOCl -PS
0 66.33 52.83 16.66 21.35 38.01 0.44
1 58.83 27.83 12.92 39.07 51.98 0.25
2.5 48.67 6 18.57 39.31 57.88 0.32
5 38.33 2.5 29.6 30.42 60.02 0.49
10 40 2 27.74 31.76 59.51 0.47
NaOCl -PMMA
0 58.25 46.6 22.85 20.48 43.33 0.53
1 53.6 36.4 22.54 25.94 48.47 0.46
2.5 56 8.75 11.56 47.12 58.68 0.2
5 55.6 3.33 11.55 47.78 59.32 0.19
10 36.6 3.67 31.57 29.04 60.6 0.52
23CHAPTER 5
SURFACE OXIDATION OF PS AND PMMA WITH SODIUM
HYPOCHLORITE
5.1 Introduction
PS and PMMA were modied by oxidizing the CH bonds with the use of a
fairly inexpensive oxidant sodium hypochlorite. By attacking the CC and CH
bonds and cleaving them, polymers surface become more reactive which makes
it very desirable. The equation for the proposed reaction (equation 5.13) is
given as [22]:
2ClO
  + H2O ! OH
.
+ ClO
.
+ OH
  + Cl
  (T
C > 40
C) (5.1)
PH + ClO
.
! P
.
+ HClO (5.2)
P
.
+ O2 ! PO
.
2 (unstable) (5.3)
5.2 Materials and Methods
The polymer pieces are cut and cleaned as outlined in the previous chapter. A
solution of sodium hypopchlorite (NaOCl) (BDH Chemicals, West Chester, PA)
of 14% active chlorine obtained is used. The cleaned samples are then loaded
onto the sample rack which is immersed into a beaker of the aqueous NaOCl
solution. The beaker is then set in a temperature bath that rocks back and forth
(oscillation setting at 40 rpm) to ensure that there is always a continual move-
ment of the NaOCl solution around the samples. The temperature bath is set
24to 80 C  2 C. After the experiment, the samples are rinsed at least three times
in Milli-Q water and blown dry using a nitrogen gun. In the rst set of exper-
iments, the PS and PMMA samples are treated for a period of 5 hours. In the
second set of experiments they are treated for several periods of time up to 24
hours. Finally, a third experiment is conducted similar to the prior experiments.
This time however, the NaOCl solution in which the samples are oxidized is
refreshed hourly for a total period of 5 hours.
The PS and PMMA samples were then analyzed by contact angle measure-
ments using the sessile drop technique. The measurements were carried out on
a Tantec CAM-PLUS contact angle meter (Schaumburg, IL) using distilled wa-
ter mechanically pumped from a syringe by turning a micrometer screw dial.
The instrument uses its patented half-angleTMtechnique in determining the con-
tact angle which eliminates the issues associated with tangential measurement
methods. The reported measurement was the average of at least ve readings
on different parts of the sample. The water droplet volume was kept consis-
tent by using a turn of 10 m to dispense the droplet from the syringe. This
was done to keep the droplet volume small enough to avoid distortions to its
spherical prole that may be incurred due the effects of gravity.
The surface energy was also determined by the contact angle measurements
of DI water and formamide. As previously done, these measurements were
plugged into the Young's equation (equation 4.1) and the surface energy deter-
mined by solving the equation.
255.3 Results and discussion
5.3.1 TBO analysis
Carboxylic groups functionalized onto PS surfaces through the NaOCl treat-
ment are also quantied via its complexing action with the TBO assay. From the
standard curve shown in gure 5.1 the concentration per area (in sq cm) of the
surface groups introduced onto the polymer sample is calculated.
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fittedmodel051509 =
     General model Rat11:
fittedmodel051509(x) = (p1*x +p2) / (x + q1)
Coefficients (with 95% confidence bounds):
p1 = 6.236 (5.301, 7.171)
p2 = 1.051e−005 (−2.555e−005,4.657e−005)
q1 = 0.0002108 (0.0001364,0.0002852)
Figure 5.1: Calibration curve of TBO dye assay. Absorbance of known concen-
trations of the TBO dye is measured spectrophotometrically to determining the
standard curve. The resulting plot is tted with a rational function using the
MATLAB curve tting tool. The reported signals are measured at 633 nm with
the error bar representing the standard deviation from at least triplicate analysis
The data from the surface oxidation is shown in the plots of gures 5.2
and 5.3. Fig. 5.2 shows how the COO  concentration changes with a 5 hour
treatment, and g. 5.3 shows the same experiment but the reaction time over
a period of 24 hrs. With gure 5.2, more COO  functionalized onto PS than
PMMA as seen at all times. This trend is similar on extending the time scale
26as seen in gure 5.3. The maximum amount of carboxyl groups that are intro-
duced by oxidizing the polymer surfaces was calculated to be 0.31 nmol/cm2
and 0.27 nmol/cm2 for PS and PMMA respectively for the 5 hour experiment.
With the 25 hr experiment the trend does not show any signicant increase in
the carboxyl group concentration. The drop in carboxyl groups' concentration
is possibly due to the side effects of the salts produced which might be acting as
inhibitors on the sample surface.
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Figure 5.2: Surface concentration of COO  of NaOCl oxidized samples. The
concentration of carboxyl groups reported as the different amount of desorbed
TBO dyefrom the PS samples. This is doneby making useof thestandard curve.
The concentrations are reported with the error bar representing the standard
deviation from at least triplicate analysis
The results from the third set of experiments whereby the NaOCl solution
was renewed hourly is plotted and compared to the previously obtained data
from gure 5.2. In this case as seen gure 5.4, the comparison shows that there
is a difference in the amounts of carboxyl groups that functionalized onto the
PS surface in a 5 hour period by the two different methods. This is because in
refreshing the NaOCl solution, the salts that are produced as a byproduct of
27the oxidation process is eliminated and do not interfere with the fresh solution
attacking the PS surface. The numbers from the bar plot shows that on refresh-
ing the NaOCl solution hourly, 0.96 nmol/cm2 carboxyl groups are produced
within 5 hours. This incomparison to the0.28nmol/cm2 is almost three times as
much for the same treatment time. Since the amount of COO  groups formed is
signicant, this method can serve in producing surface oxides onto PMMA and
PS under mild conditions. This can therefore be used in cases whereby UV may
not necessarily be needed or as a supplement onto other UV treatment methods
currently available.
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Figure 5.3: COO  concentration over a 24 hr period. Similar to g 5.2 above, the
concentration of carboxyl groups reported by making use of the standard curve.
The data set is reported with the error bar representing the standard deviation
from at least triplicate analysis
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Figure 5.4: Comparison of COO  formed between two oxidation processes. The
bar plot on the left is data from a continual reaction of the PS in the NaOCl solu-
tion for 5 hours whereby on the right, the bar plot shows the same experiment
being performed once more but the NaOCl solution is refreshed hourly
5.3.2 Contact angles  Sessile drop technique
Contact angle measurements done are shown summarized in gure 5.5. The
trend from the plot shows how the water contact angle decreases with time for
the oxidized PS and PMMA. At all times PMMA had a lower contact angle as
compared to PS. This is expected because of the chemical structure of both poly-
mers. PMMA therefore can be easily oxidized as compared to PS which has an
aromatic ring as its side group (see gures 1.2 and 1.3). These results also show
that even though PS can have much more COO  groups when oxidized, it does
not necessarily translate into a lower contact angle measurements. From this
data set, a reasonable estimation can be made about the amount of functional
groups that can be introduced onto these polymers without UV treatment meth-
ods. This can be useful in cases whereby it may be impractical to UV treat these
samples. In addition, UV treating the oxidized samples as well further intro-
29duces more functional groups. For applications where a lower contact angle
might be of a more concern, PMMA would be the suitable choice with PS be-
ing the choice for applications where there could be the need for more carboxyl
groups on the polymer surface.
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Figure 5.5: Contact angles for oxidized PMMA and PS showing different pe-
riods of incubation. At least ve different measurements are reported as the
average and the error bars, from the standard deviation
5.4 Conclusion
Surface oxidation provides carboxyl groups that were easily quantied by using
the TBO dye assay. On refreshing the NaOCl solution in which the reaction
occurred hourly for 5 hours, it was found that the amount of carboxyl groups
per cm2 area was 0.96 nmol which is about three times the amount for just using
the same solution for the same period.
30CHAPTER 6
GRAFTING OF POLYETHYLENE GLYCOL DIACRYLATE ON PS AND
PMMA
6.1 Introduction
6.1.1 PEG Grafting by Thermal Incubation
In this section, PEG grafting onto PMMA and PS makes use of a free radical
reaction that is initiated by UVO treatment of the polymer. In order to graft
PEG, the 15% PEG solution has to crosslink, form a hydrogel and form a cova-
lent bond with the PS and PMMA. This technique is advantageous because it is
effective for materials that have absractable hydrogen radical [11] which is done
at a temperature of 70.
6.1.2 PEG Grafting by the use of Benzophenone
The PEG grafting technique that is also addressed in this section is polymer-
izations initiated by light. Regarding initiation by light, the crucial prerequisite
is that there has to the absorption of light by one or several components of the
polymerization mixture [14]. The absorbed light by the photosensitive initiator
undergoes a homolytic bond rupture and form radicals. The radicals formed
under the right conditions propagate and initiate the polymerization of other
molecules. Photoinitiation of free radicals consist of four steps: (1) Photoini-
tiation, (2) Propagation, (3) Transfer and (4) Termination. Photoinitiators are
31classied as either type I or type II [14]. Benzophenone which is used in this
experiment is a type II photoinitiator. This classication is due to its pathways
of radical generation  hydrogen abstraction and electron transfer reactions. On
absorbing UV light at 365 nm the electrons of the BZP molecules are excited.
This excited triplet manifold of BZP leads to hydrogen abstraction and initiates
free radical polymerization.
6.2 Materials and Methods
6.2.1 PEG Grafting by Thermal Incubation
MilliQ water is boiled on a hot plate for about an hour to remove any dissolved
gases in it. Poly(ethylene glycol) diacrylate (PEG-DA) (Mw = 575) purchased
from Aldrich is mixed with the MilliQ water to form a 15% PEG solution. The
15% PEG solution is further sonicated for 10 minutes and then degassed for
at least ve times in an ultrasonic bath (Aquasonic model 75D, VWR Scientic
Products, Westchester, PA). The samples used in this experiment were cut up
into various sizes of 2.5  5 cm rectangles for both PMMA and PS, squares of 2
x 2 cm for the PS and circles of 0.605 cm diameter for the PMMA.
The samples are UV/O3 treated with a UVO-CLEANER R Model 144AX (Je-
light Company Inc, Irvine CA) tted with a low pressure mercury vapor grid
lamp with an output power of 28,000 watt per squared cm at a wavelength of
254nm (6mm from the lamp). Prior to exposing, the samples are loaded onto
the tray and oxygen is own in the chamber at a rate of 0.5L/min for 20 min-
utes. This is done to ensure that there is a steady stream of oxygen ow in the
32chamber during the UV exposure. The period of exposure was for 10 minutes
after which the samples were rinsed and put into the 15% PEG solution (Face
down for samples that were incubated in the petri dishes). The PEG solution
is then kept in a climate controlled temperature bath at 70C for the reaction to
take place.
PROCESS I  THE FIRST GRAFT (BIG SAMPLES)
The samples were incubated in petri dishes containing the 15% PEG in the
temperature bath at 70C and then after the formation of the graft by the cross
linked PEG they were observed and analyzed.
PROCESS II  THE SECOND GRAFT (SMALL SAMPLES)
The small samples were weighed after baking them in the vacuum oven for
24 hours at 80C. Kapton R tape was taped onto one side of the PS and PMMA
samples. The tape would ensure that the reaction and subsequent PEG graft
occurring is accounted for on the exposed side only. The samples were then
UV/O3 treated with the exposed side up. The samples were then incubated in
the the 15% PEG solution in the test tubes for 2 days for the PEG to crosslink
and graft onto the polymer. After the graft the kapton R tape is peeled off and
the samples are then dried in the vacuum oven at 80 for 24 hours. The samples
are then reweighed and the new weight is then used to calculate the amount of
PEG that was grafted onto the polymer samples as the grafting efciency.
336.2.2 PEG Grafting by the use of Benzophenone
In this section, the samples used were regular PS, oxidized PS and UVO treated
PS. Benzophenone (BZP), methanol, PEGDA of analytical grade was obtained
from Sigma Aldrich. The protocol according to [11] made use of 0.7 (w/w) BZP
concentrations used in all the experiments. The BZP was mixed in methanol
which was in turn used to prepare formulations of PEG-BZP. The solutions
made were 10, 15, 20 and 40% PEG which was spin coated onto the PS at an
average velocity of 5000 rpm for 25 seconds. The samples were then irradiated
by a broad spectrum UV lamp in ambient air for 30 secs which pulses three
times per second. After the exposure, the samples were rinsed, dried with the
nitrogen gun and then their contact angle measurements were measured us-
ing the sessile drop technique. The measurements were carried out by using a
Tantec CAM-PLUS contact angle meter (Schaumburg, IL). The instrument uses
distilled water which is pumped mechanically from a syringe via micrometer
screw dial. Using its patented half-angleTMtechnique, the contact angle is de-
termined. The reported measurement is also from at least ve readings on dif-
ferent parts of the sample that has been averaged. By using a turn of 10 m to
dispense the droplet from the syringe, the water droplet volume was kept con-
sistent. This kept the droplet volume small enough to avoid distortions to its
spherical prole that may be incurred due the effects of gravity.
34(a) PEG grafted onto PMMA (b) PMMA sample
Figure 6.1: PEG grafting on PMMA. 10 min UV/O3 treated samples are incu-
bated for 48 hours. (a), the grafted sample in the petri dish and (b) on underside
showing the graft and pitting due to bubble action of reaction
6.3 Results and discussion
6.3.1 PEG Grafting by Thermal Incubation
PROCESS I  THE FIRST GRAFT (BIG SAMPLES)
Incubating the UV/O3 treated PMMA in 15% PEG solution to graft PEG, the
samples began to show signs of grafting as early as 40 minutes  1 hour. This
was observed as the formation of a white residue in the petri dish. The overall
formation took a longer time. The samples were visibly white after 44 hours.
After that, they were taken out and cleaned in MilliQ water. Pictures of the
resulting grafts are shown in gure 6.1. The experiment shown in gures 6.1(a)
and 6.1(b) shows that a visible white gel is formed. The gel formed, as seen
from gure 6.1(b), shows some pitting. This can be attributed to the gaseous
byproducts from the reaction causing the cross-linking of the PEG to form the
hydrogel. The action of this process, therefore, caused air bubbles to be trapped
under the sample.
35(a) Control sample (b) Control sample removed
Figure 6.2: PEG grafting on PMMA  control. Untreated PMMA samples that
are incubated for 48 hours in 15% PEG solution. (a)  the control sample in
the petri dish and (b) on removal showing the absence of a graft on the PMMA
sample
The results from the control experiments are shown in gure 6.2. The con-
trol experiment was not UV treated, incubated in the 15% PEG solution. The
results show the visible white gel that is formed around the sample ( 6.2(a)). The
difference however is that the PMMA sample still remained transparent which
indicated there was no cross linking taking place under the PMMA sample. The
cross linking only occurred around the edges of the sample which was proba-
bly due to rough cut edges seeding the hydrogel formation. In gure 6.2(b),
on removing the PMMA sample, a piece of the petri dish is ripped off and is
attached to the removed PMMA sample which shows the strong covalent bond
of the cross linked PEG hydrogel and the polymer that is formed.
PROCESS II  THE SECOND GRAFT (SMALL SAMPLES) On weighing PS and
PMMA samples before and after the PEG graft, the results obtained are sum-
marized in table 6.1. The average grafting efciency (GE) of PS was calculated
as 1.15% and -0.05% The average GE for PMMA was found to be 0.16% and
0.23%. The negative GE for PS with one of the data set could have been due to
water swelling the polymer that might have not been completely dried after the
36Table 6.1: Grafting efciency of Grafted PEG. The data is obtained by weighing
the vacuum dried PMMA and PS samples before and after grafting
Sample PS PMMA
Weight Before(g) 0.0669 0.0661 0.1020 0.1018
Weight After(g) 0.0.0676 0.0660 0.1022 0.1020
Difference(g) 0.0008 0.0000 0.0002 0.0002
Grafting efciency (GE%) 1.15 -0.05 0.16 0.23
(a) PEG preferentiallygrafted onto PMMA (b) PEG grafted onto PMMA
Figure 6.3: PEG grafting on PMMA. Microscope image of UV/O3 treated sam-
ples grafted with PEG. (a), grafting occurs only on sample surface exposed to
the UV. Removed Kapton tape in the middle shows no graft. Microscope mag-
nication is  2.5 (b) PEG coverage of PMMA with grafted PEG. Microscope
magnication is  10
rst bake. Another reason that can be attributed to seeing such results is that
the amount of PEG grafted does not have enough mass to be quantied by the
scale. Therefore further analysis would therefore be needed to be done improve
on the determination of the quantity of PEG on the polymers.
6.3.2 PEG Grafting by the use of Benzophenone
The results are shown from the contact angle measurements in table 6.2. As ex-
pected, the contact angle for the PS is the highest at 86.5 which shows the hy-
37Table 6.2: Data from contact angle measurements showing the different formu-
lations and amount of PEG used for grafting
Sample Contact angle() Max() Min() Std Dev()
PS 86.5 90 84 2.26
PS+NaOCl 65.83 74 62 4.36
B20a 64.83 68 64 1.6
B0 72.17 74 70 1.6
B10 61.5 64 58 2.07
B15 59.5 62 57 1.87
PEG15b 76.5 84 74 3.89
B40 65.17 70 63 2.56
a 20% PEG in BZP-methanol solution
b 15% BPEG in water only (no BZP in formulation)
drophobic nature of the virgin PS. Next is 65.83 for oxidized PS which showed
that the PS had some functional groups that resulted in the reduction of its con-
tact angle. The effect of the BZP-PEG formulation also caused a reduction in the
contact angle of the PS. As seen from table 6.2, the reduction however does not
correspond to the increase in the percentage of PEG in the formulation.
The next set of experiments performed are reported in table 6.3. In this pro-
cess, the samples investigated were regular, oxidized and oxidized-UVO treated
PS samples. The results are shown in gure 6.4. First, the control (PEG15) has
the lowest contact angle measurement for the different treatments with the oxi-
dized and UVO treated sample having a contact angle of 50. The regular sam-
ples that were only exposed using the broad spectrum UV lamp had the highest
contact angle measured for all scenarios followed by the oxidized samples and
then the oxidized and UVO treated samples. From the bar plot, even though
there was a contribution of the photoinitiator in reducing the contact angle, it
seems that the UVO treatment made a better impact in reducing the contact
angles of the PS.
38Table 6.3: Effect of BZP on different PS samples
Sample Contact angle Max Min Std Dev
Oxa+ UVb
B15 75.25 86 68 5.9
B20 67.13 70 65 2.23
B10 75.5 84 69 5.66
PEG15 71.75 75 69 2.38
B40 74.13 79 70 2.8
Ox + UVOc+UV
B15 73.63 81 66 4.81
B20 68.25 70 63 2.55
B10 73.88 80 70 2.85
PEG15 50 55 47 2.56
B40 71.25 80 65 4.92
Reg + UV
B15 82.5 84 80 1.51
B20 81.38 90 76 4.14
B10 85.75 90 80 2.96
PEG15 77.88 81 71 3.31
B40 81.63 85 78 2.45
a Oxidized sample in NaOCl for 5 hours
b Spectroline UV treatment (2500nm)
c UV treatment with ozone
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Figure 6.4: Grafting PEG using different BZP formulations whereby the effec-
tiveness of the PEG graft is determined by water contact angle measurements.
These measurements are averaged from at least ve analysis
396.3.3 Conclusion
Grafting PEG was done on both big and small samples where PMMA was more
successful than PS. By incubating the polymers thermally in 15% PEG, the graft-
ing efciency was obtained using the weight difference measurements of the
polymer before and after grafting. The other grafting method was making use
of the photoinitiator benzephenone. These done in different formulations of
PEG percentages and quantied by water contact angle measurements. The
thermal incubation method proved to be the more successful technique.
40CHAPTER 7
SUMMARY FUTURE DIRECTIONS
Two characterization methods of the functional groups produced on PMMA
and PS were investigated. These were the iodide and TBO dye assay methods.
Three methods of introducing functional groups onto the polymers were also
investigated. Those methods were UV, UV/O3 and NaOCl-UV/O3. After that
two techniques of grafting PEG - thermal incubation and the photoinitiation
were also investigated. The TBO dye assay was a better method in quantifying
the amount of carboxyl groups on the polymers. NaOCl-UV/O3 gave the high-
est amount of carboxyl groups that can be functionalized onto the polymers and
thermal incubation turned out as the better technique in grafting PEG.
With initial planar grafting successful, the next step would be to look at how
this can be translated to grafting functionalized channels in PMMA and PS de-
vices. More studies would be needed to be done especially in supplying ade-
quate supply of PEG in the channels enough to graft it effectively on the walls.
Studies involving NaOCl have also shown the potential of seeding an oxidation
reaction which may be enough to functionalize the surface walls in microuidic
channels.
There are several other characterization methods that need to be further ex-
plored. SEM images of the PEG graft need to taken and documented. Infor-
mation from the SEM would show the topography of the grafted PEG and the
subsequent proteins that are absorbed onto it in proteins studies. The thickness
of the graft is also something of importance to know. Since this project ulti-
mately would be applied in the fabrication of microuidic devices where there
would be a nite limitation to the channel wall width, thickness control of the
41PEG chains would be very important information. Surface roughness through
AFM measurements and functional groups composition determination through
XPS would also be important studies to further characterize the PS and PMMA
surface modication techniques.
42APPENDIX A
MORE CONTACT ANGLE MEASUREMENTS FROM UV/O3 TREATED PS
AND PMMA UNDER DIFFERENT CONDITIONS
Table A.1: Contact angle measurements for NaOCl treated PS UV treated at
various times (06/09/2009)
Day 1
Time (min) Contact angle() Max Min Std Dev
0 73.6 77 71 2.79
1 10.6 12 10 0.89
2.5 10 12 8 1.58
5 9.6 11 8 1.34
10 8.8 10 7 1.3
Day 6
Time (min) Contact angle() Max Min Std Dev
0 75.83 81 73 3.76
1 50 58 50 7.56
2.5 54.17 55 53 1.83
10 49.5 52 47 1.87
43Table A.2: Contact angle measurements for NaOCl treated PS and PMMA
PMMA
Time (min) Contact angle() Max Min Std Dev
0 79.83 82 76 2.04
5 58.83 60 57 1.33
10 53.5 58 50 3.27
20 51.5 55 49 2.81
24 48.5 53 45 3.02
PS
Time (min) Contact angle() Max Min Std Dev
0 88.67 96 86 3.93
5 66.83 69 64 1.94
10 66.67 68 64 1.63
20 53 58 49 3.63
24 62.5 66 60 2.59
Table A.3: Contact angle measurements for NaOCl treated PS and PMMA June
16(5hrs treatment)
PMMA
Time (min) Contact angle() Max Min Std Dev
0 83.5 87 77 3.45
1 58 61 56 2.1
2 59.5 61 56 1.87
3 58.67 60 57 1.21
4 56.33 58 54 1.97
5 59.5 61 58 1.05
PS
Time (min) Contact angle() Max Min Std Dev
0 84 87 80 2.37
1 66.83 72 64 2.93
2 71.33 76 66 3.78
3 67.75 71 63 3.95
4 68.83 77 63 5.08
5 69 72 66 2.53
44BIBLIOGRAPHY
[1] Darwin R. Reyes, Dimitri Iossidis, Pierre-Alain Auroux, and Andreas
Manz. Micro total analysis systems. 1. introduction, theory, and technol-
ogy. Analytical Chemistry, 74(12):26232636, 2002.
[2] Yang T, Jung S, and Mao H et al. Fabrication of phospholipid bilayercoated
microchannels for on-chip immunoassays. Anal. Chem., 73:165  169, 2001.
[3] Wilson M S and Nie W. Multiplex measurement of seven tumor markers
using an electrochemical protein chip. Anal Chem., 78:64766483, 2006.
[4] Harrison D J, Fluri K, and Seiler K et al. Micromaching a miniaturized
capillary electrophoresis-based chemical analysis system on a chip. Science,
261:895897, 1993.
[5] Kwakye S, Goral V N, and Baeumner A J. Electrochemical microu-
idic biosensor for nucleic acid detection with integrated minipotentiostat.
Biosensors and Bioelectronics, 21:22172223, 2006.
[6] Northrup M A, Ching M T, and White R M et al. DNA amplication with
a microfabricated reaction chamber. Proc IEEE Int Conf Solid-State Sens Ac-
tuat., pages 924926, 1993.
[7] Copp M U, Luechinger M B, and Manz A. Chemical amplication:
continuous-ow pcr on a chip. Science, 280:10461048, 1998.
[8] Kim M K, Park I S, Park H D, Wee W R, Lee J H, Park K D, Kim S H,
and Kim Y H. Effect of poly(ethylene glycol) graft polymerization of
poly(methyl methacrylate) on cell adhesion : In vitro and in vivo study.
Journal of Cataract and Refractive Surgery, 27(5):766774, 2001.
[9] Tsao C W andHromada L, Liu J, Kumar P, and DeVoe D L. Low temper-
ature bonding of pmma and coc microuidic substrates using UV/ozone
surface treatment. Lab Chip, 7:499505, 2007.
[10] Lawrence J and Li L. Modication of the wettability characteristics of poly-
methylmethacrylate (PMMA) bymeansof CO2, Nd:YAG,excimerandhigh
power diode laser radiation. Materials Science and Engineering: A, 303:142 
149, 2001.
45[11] Iguerb O and Bertrand P. Graft photopolymerization of polyethylene gly-
col monoacrylate (PEGA) on poly(methyl methacrylate) (PMMA) lms to
prevent BSA adsorption. Surface and Interface Analysis, 40(34):386390,
2008.
[12] W¨ unsch J R. Polystyrene: Synthesis, Production and Applications. Rapra re-
view reports,Shawbury, Shrewsbury, Shropshire, UK: Rapra Technology
Ltd, 2000.
[13] NamTrung Nguyen. BioMEMS and Biomedical Nanotechnology, chapter 5
Fabrication Issues of Biomedical Micro Devices, pages 93115. Springer
US, 2007.
[14] Mishra M K and Yagci Y. Handbook of radicalvinyl polymerization. CRC,1998.
[15] Fujimoto Keiji, Takebayashi Yoshihiro, Inoue Hiroyuki, and Ikada Yoshito.
Ozoneinduced graft polymerization onto polymer surface. Journal of Poly-
mer Science Part A: Polymer Chemistry, 31(4):10351043, 1993.
[16] Welle Alexander and Gottwald Eric. UV-Based Patterning of Polymeric
Substrates for Cell Culture Applications. Biomedical Microdevices, 4(1):33
41, 2003.
[17] Wei Suying, Vaidya Bikas, Patel Ami B, Soper Steven A, and McCar-
ley Robin L. Photochemically Patterned Poly(methyl methacrylate) Sur-
faces Used in the Fabrication of Microanalytical Devices. The Journal of
Physical Chemistry B, 109(35):1698816996, 2005.
[18] Kang E T, Tan K L, Kato K, Uyama Y, and Ikada Y. Surface modica-
tion andfunctionalization of polytetrauoroethylene lms. Macromolecules,
29(21):68726879, 1996.
[19] Ma Zuwei, Kotaki M, and Ramakrishna S. Surface modied nonwoven
polysulphone (psu) ber mesh by electrospinning: A novel afnity mem-
brane. Journal of Membrane Science, 272(12):179187, 2006.
[20] Ying L, Yin C, Zhuo R X, Leong K W, Mao H Q, Kang E T, and Neoh K G.
Immobilization of galactose ligands on acrylic acid graft-copolymerized
poly(ethylene terephthalate) lm and its application to hepatocyte culture.
Biomacromolecules, 4(1):157165, 2003.
[21] Li Y andPham J Q, Johnston K P, and Green P F. Contact Angle of Water on
46Polystyrene Thin Films: Effects of CO2 Environment and Film Thickness.
Langmuir, 23(19):97859793, 2007.
[22] Iguerb O, Demoustier-Champagne S, Marchand-Brynaert J, Daoust D,
Sclavons M, and Devaux J. Modication of polyolen lms surface with
sodium hypochlorite. Journal of Applied Polymer Science, 100(2):11841197,
2006.
47